1 decay in the pQCD approach is 54.7 × 10 −6 , which agrees well with the current data and the predictions given in the QCD factorization approach within errors; (b) the numerical results for the decay rates of other five channels are found to be in the order of 10 −6 ∼ 10 −5 , which could be accessed at B factories and Large Hadron Collider(LHC) experiments; (c) other physical observables such as polarization fractions and direct CP-violating asymmetries are also investigated with the pQCD approach in the present work and the predictions can be confronted with the relevant experiments in the near future; (d) the different phenomenologies shown between B → a 1 a 1 and B → b 1 b 1 decays are expected to be tested by the ongoing LHC and forthcoming Super-B experiments, which could shed light on the typical QCD dynamics involved in these decay modes, as well as in 3 
I. INTRODUCTION
Charmless B meson decays to final states involving two axial-vector mesons (AA) have attracted attentions in theory and experiments in the last few years [1] [2] [3] [4] [5] [6] [7] . It is expected that through the study of B → AA decays, the issues related with the internal structure, such as the angles between the mixtures of 3 P 1 and/or 1 P 1 states [8, 9] , of the light axial-vector mesons can receive new understanding. On one hand, B → AA will open another window to study their physical properties; The CP asymmetries of these decays, on the other hand, shall provide another way to measure the Cabibbo-Kobayashi-Maskawa (CKM) angles β and α. Furthermore, analogous to B → V V decays, being constructed of three polarization states, the charmless B decays to AA mesons are expected to have rich physics and provide much more information on the underlying helicity structure of the decay mechanism through polarization studies [3] .
Very recently, the measurement on branching ratio(BR) and fraction of longitudinal polarization(f L ) for B 0 → a 1 (1260) + a 1 (1260) − [5, 10] 
with large uncertainties. However, this measurement will be improved rapidly with the running of Large Hadron Collider(LHC) experiments, in which the events of B mesons are expected to be produced more than those collected in the B factories by about 3 orders per year. On the theory side, B → a 1 a 1 1 decays have been studied in the literature [2] [3] [4] , but the predictions on BRs of the considered channels are significantly different from each other by employing the approach with naive factorization [11] and QCD factorization(QCDF) [12] , respectively. For B 0 → a + 1 a − 1 mode, for example, the branching ratio predicted in naive factorization is 6.4 × 10 −6 [2] , while that presented in QCDF is 37.4 × 10 −6 [3] . One can easily see that the former result is too small to be confronted with the preliminary data and the latter one going beyond the naive factorization is large enough to be compatible with the measurements. As the counterparts of B → a 1 a 1 decays, B → b 1 b 1 modes have also been investigated within the framework of QCDF [3] and the BRs are found to be in the order of 10 −6 ∼ 10 −5 within large uncertainties. More important, an interesting pattern of the BRs for B → b 1 b 1 decays is exhibited through the calculations based on QCDF in Ref. [3] ). Here, we want to mention that, as stated in Ref. [3] , the troublesome endpoint singularities from hard spectator scattering and annihilation decay amplitudes always exist in the framework of QCDF and have to be determined through the input parameters fitted from the relevant precision measurements.
Inspired by the above interesting facts from both theoretical and experimental aspects, we here study B → a 1 a 1 and b 1 b 1 decays in the present work by employing the low energy effective Hamiltonian [13] and the perturbative QCD(pQCD) approach [14, 15] .
It is worth of stressing that the nonfactorizable spectator and annihilation diagrams are calculable perturbatively in the pQCD approach. Furthermore, the new measurements on the pure annihilation B s → π + π − decay reported by CDF [16] and LHCb [17] collaborations last year confirmed the previous pQCD predictions [18] [19] [20] , while the measured large decay rate of B 0 → K + K − also naturally explained by the renewed pQCD predictions [20] .
Although a 1 and b 1 mesons embrace the same components at the quark level, because of different couplings of orbital and spin angular momenta, as explored in the QCD sum rule method [8] , the hadron dynamics of b 1 is very different from that of its partner, a 1 . In our numerical evaluations, the different phenomenologies do appear between these considered B → a 1 a 1 and B → b 1 b 1 decays. Therefore, one could expect reasonably that more new information on the contents such as polarizations, CP asymmetries, CKM unitary angles, even the knowledge of color-suppressed processes in B meson decays [21] [22] [23] [24] may be deduced through the detailed studies on B → a 1 a 1 and b 1 b 1 decays. Moreover, the hadron dynamics could be implicated by these perturbative calculations with the help of precision measurements.
The paper is organized as follows. In Sec. II, we present the theoretical framework on the low energy effective Hamiltonian, formalism of pQCD approach and mesons' wave functions. Then we perform the perturbative calculations for B → a 1 a 1 and b 1 b 1 decays in Sec. III. The analytic expressions of the decay amplitudes for the considered modes are also grouped in this section. The numerical results and phenomenological analysis are given in Sec. IV. The main conclusions and a short summary are presented in the last section.
II. THEORETICAL FRAMEWORK
For the considered B → a 1 a 1 and b 1 b 1 decays withb →d transition, the related weak effective Hamiltonian H eff [13] can be written as
with the Fermi constant G F = 1.16639 × 10 −5 GeV −2 , CKM matrix elements V , and Wilson coefficients C i (µ) at the renormalization scale µ. The local four-quark operators
with the color indices α, β and the notations (q
The index q ′ in the summation of the above operators runs through u, d, s, c, and b. Since we work in the leading order[O(α s )] of the pQCD approach, it is consistent to use the leading order Wilson coefficients. For the renormalization group evolution of the Wilson coefficients from higher scale to lower scale, we use the formulas as given in Ref. [14] directly.
The pQCD approach, one of the method based on QCD dynamics in the market, has been employed to treat two-body nonleptonic B (s) decays extensively. As a unique feature different from other two factorization approaches, i.e., QCDF and SCET (soft-collinear effective theory) [25] , the pQCD approach is based on the framework of k T factorization theorem with taking the tranverse momentum k T , generally considered as a small and negligible scale, of the valence quarks in the hadrons into account, which results in the Sudakov factor smearing the endpoint singularities in the decay amplitude and makes the nonfactorizable spectator and annihilation diagrams perturbatively calculable, aside from the emission one.
Because of the rather heavy b quark, for convenience, we will work in the rest frame of B meson. Throughout this paper, we will use light-cone coordinate (P + , P − , P T ) to describe the meson's momenta with the definitions
Then for B 0 → a
decay, for example, the involved three meson momenta in the light-cone coordinates can be written as
respectively, where the a 
And the transverse ones are parameterized as ǫ 
Then, for B 0 → a
, and k + 3 will conceptually lead to the decay amplitude in the pQCD approach,
where b i is the conjugate space coordinate of k iT , and t is the largest energy scale in function H(x i , b i , t). The large logarithms ln(m W /t) are included in the Wilson coefficients C(t). The large double logarithms (ln 2 x i ) given rise from loop corrections to the weak decay vertex are summed by the threshold resummation [26] , and they lead to S t (x i ) which can decrease faster than any power of x as x → 0, then remove the endpoint singularities. The last term, e −S(t) , is the Sudakov factor which suppresses the soft dynamics effectively [27] . Thus it makes the perturbative calculation of the hard part H applicable at intermediate scale, i.e., m B scale. We will calculate analytically the function H(x i , b i , t) for the considered decays at leading order in α s expansion and give the convoluted amplitudes in next section.
The pQCD predictions depend on the inputs for the nonperturbative parameters such as the decay constants and distribution amplitudes. For heavy B meson, in principle, both Lorentz structures of the wave function should be considered in the calculations. However, the contribution induced by the second Lorentz structure is numerically small and approximately negligible [28] , we therefore employ the following set of heavy B meson wave function [14] ,
where the distribution amplitude φ B (x, b) has been modeled as [14] ,
In recent years, the shape parameter ω B in Eq. (11) has been fixed at 0.40 GeV in the pQCD approach by using the rich experimental data on the B mesons with f B = 0.19 GeV. The normalization factor N B is related to the decay constant f B through
Correspondingly, the normalization constant N B is 91.745 for ω B = 0.40. To analyze the uncertainties of theoretical predictions induced by the inputs, we will vary the shape parameter ω B by 10%. For the wave functions of axial-vector a 1 and b 1 mesons, one longitudinal(L) and two transverse(T ) polarizations are involved, and can be written as [29] ,
where x denotes the momentum fraction carried by quark in the meson, and n = (1, 0, 0 T ) and v = (0, 1, 0 T ) are dimensionless light-like unit vectors. We here adopt the convention ǫ 0123 = 1 for the Levi-Civita tensor ǫ µναβ . The twist-2 distribution amplitudes for the longitudinally and trasversely polarized axial-vector 3 P 1 and 1 P 1 mesons can be parameterized as [8, 29] :
where f A is the decay constant. Here, the definition of these distribution amplitudes φ A (x) and φ T A (x) satisfy the following relations:
where a || 0 3 P 1 = 1 and a ⊥ 0 1 P 1 = 1 have been used. As for twist-3 distribution amplitudes for axial-vector meson, we use the following forms [29] :
The Gegenbauer moments a
||(⊥)
i,A have been studied extensively in the literatures (see Ref. [8] and references therein), here we adopt the following values: [30, 31] . It is reasonable to preliminarily assume that the intrinsic b dependence of the a 1 and b 1 wave functions, which are still unknown, is not essential either.
III. PERTURBATIVE CALCULATIONS IN PQCD APPROACH
There are three kinds of polarizations of a axial-vector meson, namely, longitudinal (L), normal (N), and transverse (T ). Analogous to the B → ρρ decays [32] [33] [34] , the amplitudes for the B → a 1 a 1 decays are also characterized by the polarization states of these axial-vector mesons. In terms of helicities, the decay amplitudes M (σ) for B → a 1 (P 2 , ǫ * 2 )a 1 (P 3 , ǫ * 3 ) decays can be generally described by 
We therefore will evaluate the helicity amplitudes M L , M N , M T based on the pQCD approach, respectively. As illustrated in Fig. 1 , there are 8 types of diagrams contributing to the B → a 1 a 1 and b 1 b 1 decays at the lowest order in the pQCD approach. We firstly calculate the usual factorizable spectator(f s) diagrams (a) and (b), in which one can factor out the form factors B → a 1 and B → b 1 . The corresponding Feynman amplitudes with longitudinal polarization(L) are given as follows, (25) where C F = 4/3 is a color factor. The convolution functions E i , the factorization hard scales t i , and the hard functions h i can be referred to Ref. [35] .
(ii) (V − A)(V + A) operators:
which is originated from a 1 |V + A|0 = − a 1 |V − A|0 .
(iii) (S − P )(S + P ) operators:
because the emitted axial-vector meson can not be produced through a scalar or a pseudoscalar current.
For the nonfactorizable spectator(nf s) diagrams 1(c) and 1(d), the corresponding decay amplitudes can be read as
In the above three formulas, i.e., Eqs. (28)- (30), one can find that there exist cancellations between the contributions of the two diagrams in Fig. 1 
(c) and 1(d).
The Feynman diagrams shown in Fig. 1 (e) and 1(f) are the nonfactorizable annihilation(nf a) ones, whose contributions are
For the last two diagrams in Fig. 1 , i.e., the factorizable annihilation(f a) diagrams 1(g) and 1(h), we have
It is interesting to notice that there is a large cancellation in the F L f a , i.e., Eq. (34), from the factorizable annihilation diagrams 1(g) and 1(h), which can result in the exact zero contribution in the SU(3) limit.
We can also present the factorization formulas for the Feynman amplitudes with transverse polarizations,
Thus, for these considered six tree-dominated decay channels, by combining all the possible contributions from different Feynman diagrams, we can display the physical decay amplitudes with three polarizations h = L, N, T as follows,
In the above Eqs. (61)- (63), λ u and λ t stand for the products of CKM matrix elements V * ub V ud and V * tb V td , respectively. The standard combinations a i (r.h.s.) of Wilson coefficients are defined as follows,
where the upper(lower) sign applies, when i is odd(even). While for B → b 1 b 1 decay channels, one can easily obtain the analytic formulas for various decay amplitudes just by replacing a 1 with b 1 in Eqs. (25)-(63) correspondingly.
IV. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we will calculate numerically the CP-averaged BRs, polarization fractions, direct CP-violating asymmetries, and relative phases for those considered B → a 1 a 1 and b 1 b 1 decay modes. In numerical calculations, central values of the input parameters will be used implicitly unless otherwise stated. [5] and the theoretical estimates in the framework of QCD factorization [3] . 
associated with the longitudinal, parallel, and perpendicular components of the B → a 1 a 1 and B → b 1 b 1 decays, respectively, are in good consistency with those as given in Ref. [29] . As a comparison, we quote the form factors used in the B → a 1 a 1 and b 1 b 1 decays in the QCD factorization [3] , 
A. CP-averaged Branching Ratios
For B → a 1 a 1 and b 1 b 1 decays, the decay rate can be written explicitly as,
where −0.017 [36] . The numerical results implicated that the input parameters(e.g. the Gegenbauer coefficients in the nonperturbative wave functions of involved mesons) adopted in the pQCD approach should be further improved through the better constraints from the experiments to enhance the theoretical precision. 
in which various errors have been added in quadrature. Based on those numerical results given in Tables I-III , some remarks on the CPaveraged BRs for B → a 1 a 1 decays are in order:
1. As mentioned in the introduction, the experimental measurement for B 0 → a
mode has been performed by BaBar Collaboration and the decay rate is [5, 10] ,
Combined with the numerical results evaluated with pQCD and QCDF approaches 2 , i.e., Eqs. (71) 
Based on the discussions [3, 8, 9] about the hadron dynamics of axial-vector a 1 and vector ρ mesons, due to the similar QCD behavior between them, the decay pattern of B → a 1 a 1 modes is therefore analogous to that of B → ρρ ones as expected. can be utilized to provide an independent measurement of the CKM angle α [6] . Certainly, the currently available statistics is too low to perform such an analysis on the angle of α from the current generation of B factories. But, potentially, a new generation of Super flavor factories(SuperB) are expected to achieve the result with a high luminosity > ∼ 10 36 cm −2 s −1 [38, 39] . is very small in reality. In the numerical calculations, we adopted f b Tables I-III. 3. The B → b 1 b 1 decays receive dominantly large contributions arising from the nonfactorizable spectator diagrams, which result in the large CP-averaged BRs. To clarify this point more clearly, we present the decay amplitudes numerically for every topology with three polarizations in the Tables IV-VI, [3] . The confirmation of these interesting relations through the relevant experiments may shed light on the QCD dynamics involved in these considered channels. Tables I-III) because of the different QCD behavior between a 1 and b 1 mesons. One can therefore expect that B → b 1 b 1 decays will imply some new information on the CKM unitary angle, reliability of pQCD approach, and so on.
Because the decay constant
As mentioned in the above, our pQCD prediction on the BR of B 0 → a 
We expect the above four ratios could be tested at the ongoing LHC and forthcoming Super-B experiments. Finally, we should stress that both of the color-suppressed modes B 0 → a decays are closely related to the color-suppressed tree amplitudes C 4 ∝ a 2 (= C 1 + C 2 /3), where C 1 and C 2 are Wilson coefficients. At leading order, the sign of C 2 is positive while the sign of C 1 is negative, which can cancel each other mostly. For example, the numerical result of a 2 is about 1.1×10 −3 when the running hard scale is taken at µ = 2.5 GeV [19] . Furthermore, one can easily find from the Table VI that ) is such large that reaching 29.0 × 10 −6 numerically. It will be highly interesting to measure this rate to test the availability of pQCD approach in the channels with 1 P 1 mesons.
3 As for the color-suppressed processes in the decays of B mesons, which have been extensively studied in plenties of literatures with various of methods and/or schemes within and beyond the standard model. However, to our best knowledge, they seem to be a longstanding "puzzle" in B physics because one can not resolve it self-consistently in the current approaches/methods. 4 Unfortunately, up to now, the color-suppressed tree amplitude C seems to be an important but the least understood quantity in B meson decays [24] 5 Recently, the authors in Ref. [24] proposed a solution to the B → ππ puzzle by considering the contributions arising from "Glauber-gluon-region". However, it is worth mentioning that this class of contributions may make very little effects to the results on the considered B → a 
B. Polarization Fractions
We have also computed the polarization fractions for B → a 1 a 1 and b 1 b 1 decay modes. Based on the helicity amplitudes (24), we can define the transversity amplitudes as
for the longitudinal, parallel, and perpendicular polarizations, respectively, with the normalization factor ξ = G 
following the summation in Eq. (70). The polarization fractions f L , f || and f ⊥ can thus be read as,
The numerical results of fractions with three polarizations for B → a 1 a 1 and B → b 1 b 1 decays in the pQCD approach have been presented in Tables I-III. Based on these values, we give some phenomenological analysis: 
and f L predicted in pQCD and QCDF are very close to each other; on the other hand, experimentally,
it seems to be governed by the transverse ones. But, it should be mentioned that the measurement performed by BaBar collaboration still have very large errors and should be greatly improved, in order to test the theoretical predictions in the near future. We expect the above observations would be tested by the future experiments, then could provide more information for understanding the underlying helicity structure in these types of decays.
C. Effects of Nonfactorizable Spectator and Annihilation Contributions
To see whether weak annihilation contributions play important role in these considered decay modes, we test the CP-averaged BRs and longitudinal polarization fraction by neglecting the annihilation diagrams, which can not be perturbatively calculated in the QCDF approach. Moreover, as claimed in the references within the framework of QCDF, the hard spectator scattering contributions also suffer from endpoint singularities at the level of twist-3. In other words, the calculations with these terms in the QCDF need always the adjustments based on the measurements at relevant experiments.
Without the annihilation contributions in both B 0 → a 
which means that the annihilation contributions account for a small ratio and could be neglected safely in B 0 → a . When we neglect the decay amplitudes arising from both of nonfactorizable spectator diagrams and annihilation ones, the numerical results for the CP-averaged BRs and longitudinal polarization fractions of B → a 1 a 1 decays are as follows: Similarly, we predict the CP-averaged BRs and longitudinal polarization fractions without the factorizable and nonfactorizable annihilation diagrams for B 0 → b
which means that there should exist large contributions from annihilation diagrams in these two decays. Meanwhile, they also indicate that there are large nonfactorizable spectator diagrams [1] due to the fact of large longitudinal polarization fractions and extremely small or vanished decay constant in the longitudinal twist-2 wave function. By considering only factorizable emission diagrams in Fig. 1 , the predicted BRs in the pQCD approach are determined completely by the transverse components because the longitudinal contributions from Fig. 1 (a) and 1(b) are sharply suppressed by the tiny or zero decay constant, 
D. Direct CP-violating Asymmetries
Now we turn to the evaluations of the CP-violating asymmetries for B → a 1 a 1 and b 1 b 1 decays in the pQCD approach. It is conventional to combine the three polarization fractions in Eq. (80) with those of its CP-conjugateB decay, and to quote the six resulting observables corresponding to tranversity amplitudes as direct induced CP asymmetries 6 [40] . 6 The direct CP asymmetries in transversity basis can be defined as
where the definition off is same as that in Eq.(80) but for the correspondingB decay.
As for the direct CP-violating asymmetry in these considered modes, considering the involved three polarizations, whose definitions are as follows,
where Γ and M denote the decay rate and decay amplitude of B → a 1 a 1 , b 1 b 1 decays, respectively, andΓ and M are the charge conjugation one correspondingly. Based on the above definitions on direct CP-violating asymmetry and numerical calculations in the pQCD approach(see Tables I-III) , some remarks are as follows:
1. The direct CP asymmetries for B → a 1 a 1 decays in the pQCD approach can be read as, 
which are very similar to those in the B → ρρ decays [34] correspondingly, where the various errors as specified have been added in quadrature. 
One can find that the numerical results in the pQCD approach at leading order are very small, even to be zero within uncertainties as presented in Tables I-III. 3. Meanwhile, we calculate the direct CP-violating asymmetries in every polarization and give the results in the pQCD approach as decays is absent for every polarization naturally, which can be seen easily in Table V. We also define another two quantities to reflect the existence of direct CP-violating asymmetries indirectly,
whereφ || andφ ⊥ are the CP-conjugated ones of relative phases φ || and φ ⊥ , respectively. Based on the definitions of transversity amplitudes, the relative phases φ || and φ ⊥ are defined as,
The theoretical predictions of relative phases for B → a 1 a 1 and b 1 b 1 modes in the pQCD approach have been presented in Tables I-III , which will be tested by the measurements at B factories, ongoing LHC, even forthcoming Super-B experiments. Note that the definitions of A L, ,⊥ as given in Eq. (78) are consistent with those in [3] , except for an additional minus sign in A L , so that our definitions of the relative strong phases φ ,⊥ (see Tables I-III) also differ from the ones in [3] by π, which is added to cancel the additional minus sign in the definition of A L in Eq. (78).
At last, it is worth of stressing that the theoretical predictions in the pQCD approach still have large theoretical errors(See Table I for example) mainly induced by the still large uncertainties of distribution amplitudes from the shape parameter ω B of heavy B meson and the Gegenbauer moments a ||(⊥) i of light axial-vector a 1 and b 1 mesons. We need the nonperturbative QCD efforts and experimental constraints to effectively reduce the errors of these essential inputs. Any progress at this aspect will help us to improve the precision of the pQCD predictions.
V. SUMMARY
In this work, we studied the charmless hadronic B → a 1 a 1 and b 1 b 1 decays by employing the pQCD approach based on the k T factorization theorem. We calculated not only the factorizable emission diagrams, but also the nonfactorizable spectator and annihilation ones. Our theoretical predictions in the pQCD approach will provide an important platform for testing the SM and exploring the helicity structure of these considered decays and the hadronic dynamics of the axial-vector a 1 and b 1 mesons. They can also provide more information on measuring the unitary CKM angles and understanding the decay mechanism of color-suppressed modes.
The pQCD predictions for B → a 1 a 1 , b 1 b 1 channels are displayed in Tables (I-III) . From our evaluations and phenomenological analysis, we found the following results:
• The CP-averaged branching ratio of B 0 → a + 1 a − 1 mode in the pQCD approach is in good consistency with that given by preliminary measurement and that presented in the QCDF framework, respectively, within errors.
• The pQCD predictions for the CP-averaged branching ratios of B → a 1 a 1 , b 1 b 1 decays are in the range of 10 −5 to 10 −6 , which can be easily accessed at the B factories of BaBar and Belle, running LHC, and forthcoming Super-B experiments.
• The numerical results in the pQCD approach, specifically, on the CP-averaged branching ratios and longitudinal polarization fractions of the considered B → a 1 a 1 , b 1 b 1 decays are basically consistent with those given in the QCDF framework, except for f L (B 0 → a 0 1 a 0 1 ).
• The theoretical predictions in the pQCD approach have large uncertainties, which mainly arise from the nonperturbative input parameters with still large errors, for example, the distribution amplitudes describing the hadron dynamics of the involved mesons. We expect these inputs will be well constrained when more data become available.
• We here simply take the short-distance contributions into account in the evaluations of B → a 1 a 1 , b 1 b 1 decays. Maybe the final state interactions for these considered modes play an important role, more relevant studies are therefore helpful for us to provide reliable pQCD predictions.
